Introduction
In 1947 Reuling & Cramer reported that intrathecal penicillin could cause convulsions, but as penicillin crosses the blood-brain barrier with difficulty, convulsions are not expected with intramuscular or intravenous administration. In recent years, however, penicillin has been given in large amounts intravenously for the treatment of certain bacterial infections and neurotoxicity has been reported. A further five cases are described.
Case 1
A 36-year-old man with severe rheumatic mitral and aortic incompetence had both valves replaced by a combined homograft by Mr D. N. Ross in the National Heart Hospital on 5 September 1966. Following operation bacterial endocarditis was suspected. Cloxacillin 2 g daily and streptomycin 1 g intramuscularly were stopped and blood cultures were taken. No organism was obtained, but the fever persisted. At this time the blood urea was 13 mg/100 ml. Two weeks after operation penicillin 50 megaunits and streptomycin 1 g daily were started by continuous intravenous infusion. The fever continued and ampicillin 4 g daily was added a week later. On the 26th post-operative day the blood levels of ampicillin and penicillin were only 10 ,ug/ml so probenecid 2 g daily was added. On the 35th day after operation the blood level of penicillin was 200-250 ,ug/ml and that of ampicillin was 35 ,ug/ml. In spite of this, the fever continued and cephaloridine 8 g and cloxacillin 12 g daily were substituted for ampicillin. Clinical improvement followed, but in view of increasing mitral incompetence the patient's heart was re-explored on 31 October, 8 weeks after the first operation. The aortic homograft was intact, but several mitral chordae had ruptured. No vegetations were seen. The mitral valve was replaced with a Starr-Edwards prosthesis and after this second procedure the patient was kept on intravenous penicillin 60 mega-units, cloxacillin 12 g, cephaloridine 8 g and streptomycin 1 g daily. Full consciousness was regained. The blood urea was 50 mg/ 100 ml.
On the 3rd day after the second operation, three grand mal fits occurred. Bilateral spasticity and extensor plantar responses were present but there were no localizing signs in the central nervous system. Anti-convulsant therapy was started, but on the 4th post-operative day the patient was drowsy and had developed generalized coarse muscular twitching. The blood levels on this day were: urea, 115 mg/100 ml, penicillin 177 ,ug/ml, and cephaloridine 106 ,ug/ml. Penicillin toxicity was suspected and the daily dose was reduced to 15 mega-units leaving the dosage of the other drugs unaltered. The myoclonic twitching disappeared, but he remained drowsy. On the 5th day the blood level of penicillin was 122 ,ug/ml and of cephaloridine 140 ,ug/ml. The patient's condition deteriorated with hypotension and declining urine output, and the blood urea rose to 295 mg/ 100 ml. Despite peritoneal dialysis he died on the 9th postoperative day. The post-mortem showed scattered petachiae throughout the brain. Infarction was present in both kidneys. the 8th post-operative day by intermittent intravenous injection. The fever continued and the dose of cloxacillin was increased to 18 g daily on the 11th day after operation. At this time the blood urea was 31 mg/100 ml. Signs of heart failure appeared and frusemide 80 mg was given on alternate days. On the 15th day cephaloridine 2 g daily was added. The blood urea rose to 61 mg/ 100 ml and the urine contained a trace of protein with white cells and casts, but the cultures were sterile. His condition deteriorated and he declined into a severe low cardiac output state with subnormal temperature, oliguria and uraemia. On 18 August he developed myoclonic twitching and drowsiness which was initially attributed to uraemia. The blood urea was 190 mg/ 100 ml and had been 150 mg/100 ml on the previous day. Blood was sent for estimation of the cloxacillin level, but it could not be accurately estimated; the blood cephaloridine level was between 100 and 150 ,ug/ml. Cloxacillin was reduced to 2 g daily and the cephaloridine was stopped. The twitching stopped within 8 hr, but the following day the blood urea had risen further to 235 mg/100 ml and the urinary output was 100 ml in 24 On the 1st post-operative day he developed a grand mal convulsion and coma at a time when the blood urea was 66 mg/100 ml. Anticonvulsant drugs were started, and the patient recovered consciousness, but 9 days later he became drowsy and confused with generalized myoclonic muscular twitching. At this time the blood urea was 115 mg/100 ml. Antibiotic toxicity was suspected and all three were stopped for 6 hr, and then resumed at a lower dosage of penicillin 15 mega-units, cloxacillin 4 g and streptomycin 1 g daily. The twitching and confusion disappeared although the blood urea rose further. Blood levels of penicillin and cloxacillin declined at first, but the penicillin level rose again later (Table 1) (New & Wells, 1965; Oldstone & Nelson, 1966) such as was found in Case 3.
The encephalopathy appears to be associated with toxic concentrations of penicillin reaching the CSF and the brain (Smith et al., 1967 ). This appears to be a direct result of a high blood concentration of penicillin, alone or in combination with increased permeability of the bloodbrain barrier. In every case the daily dose of penicillin has exceeded 20 mega-units. Fishman (1964) has suggested that persistently high penicillin levels from continuous intravenous administration have time to penetrate the bloodbrain barrier whereas the transiently raised blood concentrations from intermittent dosage are excreted before they can cross it. Both methods of administration have, however, been employed in the twenty-three reported cases. Apart from the high blood level of penicillin, other factors must influence the appearance of the encephalopathy. For example, in Case 1 the blood penicillin concentration at the time of the onset of toxic symptoms was lower than 3 weeks previously when there had been no sign of neurotoxicity. Clearly, the permeability of the bloodbrain barrier is most important and is known to increase in meningitis (Dobbing, 1961) , in uraemia (Freeman, Maher & Schrimer, 1962) and after cardio-pulmonary by-pass (Dobell et al., 1966) .
Uraemia appeared to be a precipitating factor in three of our patients, as in many of the previously reported cases. Penicillin is normally excreted by the kidney and impaired renal function, therefore, causes progressive accumulation of this drug in the body (Cannon et al., 1951) . This may explain why large doses of penicillin were initially well tolerated in Cases 1, 4 and 5, before renal function had deteriorated. Significantly, eighteen of the twenty-three patients so far described (Table 2) were over 50 years old, which may be related to the reduction in renal efficiency which occurs with age (Davies & Shock, 1950 Our fifth case indicates that there is still much to be learned about the aetiology of penicillin encephalopathy. This patient's story is remarkable because he had two episodes of neurotoxicity due to penicillin. On the first occasion deteriorating renal function was the immediate cause, but it is interesting that reduction in penicillin and cloxacillin dosage abolished his symptoms even though the blood urea rose further. Later, the concentration of three penicillins in the blood rose again to what should have been toxic levels, judging by earlier figures, yet encephalopathy did not recur. The second episode followed equally large penicillin dosage (40 mega-units daily), this time together with ampicillin in large amounts. On this occasion the blood urea was normal and the concentrations of the two penicillins relatively low, but the neurological picture was identical with the first episode. The explanation for these events is obscure, but it is conceivable that penicillin had been retained in the brain from the earlier encephalopathy and that another rise in blood penicillin concentration had caused more to cross the blood-brain barrier. Again, in Case 2, myoclonus returned transiently 4 days after the dose of penicillin was reduced. At this point procaine penicillin and probenecid were being given and it is possible that this combination caused further retention of penicillin at a time when its concentration in the brain was still high.
The type of penicillin administered does not appear to be important and both sodium and potassium penicillin have caused neurotoxicity. Two of our patients were given cloxacillin, ampicillin or cephaloridine as well and these drugs may well have contributed to the encephalopathy. The fourth patient received only cloxacillin and cephaloridine and it is likely, therefore, that the new penicillins carry the same neurotoxic risk as penicillin itself.
Cerebral problems are not uncommon in the clinical circumstances in which massive doses of the penicillin group of antibiotics are employed, e.g. septicaemia, bacterial endocarditis and following valve replacement. The possibility of penicillin toxicity as a cause of cerebral symptoms should always be considered, particularly if the characteristic myoclonic movements are present. Co-existent uraemia should not cause confusion if its role in the aetiology of penicillin encephalopathy is appreciated. Renal function must be carefully watched in any patient on massive intravenous penicillin therapy, as it may be necessary to reduce the dose if a rise in blood urea occurs.
